The present study describes a method to fabricate polymer matrix nanocomposites by reinforcing multi-walled carbon nanotubes through an extrusion process. Linear low density polyethylene (LLDPE) powder and multi-walled carbon nanotubes (CNTs) are first dry mixed and extruded in the form of filaments by a single screw extrusion process. After extrusion, the filament is partially cooled by chilled air, dried, and continuously wound in a spool. The filaments are then laid in roving, stacked in a unidirectional fashion, and consolidated in a compression molding machine to come up with laminated composites. Thermo gravimetric analysis (TGA) has been performed to compare the thermal stability of as-fabricated composites with the neat polymer. The TGA result shows that the extruded composites are thermally more stable than their neat counterparts. The crystalline nature of CNTs and of as-fabricated composites were identified by X-ray diffraction (XRD) studies. The XRD results indicate that the nanocomposite materials are more crystalline than the neat systems, and the differential scanning calorimetry studies also confirmed the same trend. The scanning electron microscopy result showed that the sizes of extruded neat and nanophased filaments were about 117 and 73 µm, respectively. Tensile coupons from the consolidated panels were then extracted both in longitudinal (0 • ) and in transverse (90 • ) directions and tested in a Minimat Tester. It was found that with the addition of 2% by weight of CNTs in LLDPE, the tensile strength and modulus of the composite has increased by about 34 and 38%, respectively. The (0 • ) and (90 • ) coupons have also demonstrated that there are directional effects in the tensile response, which is believed to have been caused by the alignment of CNTs during the extrusion process. It is our understanding that such improvement in properties is because of the increase in crystallinity of the polymer due to CNT infusion, and also due to the alignment of CNTs in the extrusion direction in the nanocomposites.
Introduction
Over the last couple of years, research on thermoplastic polymers has found significant interests for their promising applications in engineering and packaging areas. Among all the thermoplastic polymers studied, linear polyethylene is considered as one of the most important thermoplastics, especially for their low density, good processability, and ability to produce mechanically tough and flexible products for a wide range of applications. [1] [2] [3] [4] [5] [6] One of the drawbacks of using linear polyethylene arises from its poor mechanical properties. The most efficient way to improve the mechanical properties of polyethylene is to infuse relatively strong and stiffer fillers. However, the extent of property enhancement for such polymer depends on many factors including the size, aspect ratio, and orientation of the filler particles, the extent of dispersion, and the load transfer mechanism between the fillers and the matrix at their interfaces. The characteristics of the interface are in turn governed by the surface energy of the filler particles. A good interface is believed to be achieved when the surface energy of the solid fillers exceeds the cohesive energy of the matrix polymers. It has been estimated that reducing the size of particular filler to 3 nm allows 50% of atoms to be present at the surface of each particle. 7 As energy level is highest at the atomic level, presence of more number of atoms at the surface ensures increased surface energy of the fillers. If particle size decreases, the core-level binding energy also increases sharply. The striking difference between a bulk solid and a spherical nanosolid is that the portion of the lower-coordinated atoms is considerably large for a nanosolid. It is found that if the coordination number of an atom is lowered, the radius of the specific atom is contracted. This in turn causes an increase in cohesive energy. It has been shown that the cohesive energy per bond increases by about 43% if the solid particles shift from macroscopic to atomic size. [7] [8] [9] It is, therefore, apparent that fillers that have nanoscale dimension would be able to impart better properties. In this regard, recently developed fillers such as carbon nanotubes (CNTs) or carbon nanofibers (CNFs) would be excellent candidates as reinforcing materials.
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Since the discovery of CNT by Iijima, 15 the unique mechanical properties of CNTs have been extensively explored and validated by a combination of theoretical predictions and experimental observations. For example, recent studies with single-walled and multi-walled nanotubes showed that CNT can have strength and stiffness in the range of 200-900 MPa and 200-1000 GPa, respectively. [16] [17] [18] Inspired by their superior mechanical properties, people have attempted to improve the mechanical properties of industrial polymers, such as polyethylene. 19, 20 In addition, CNTs have very large aspect ratios, sometimes as high as 1000. It is obvious
Carbon Nanotube/Polyethylene Composites 57 that the properties of CNTs can be efficiently utilized if they can be aligned along a desired direction. Among several fiber aligning techniques, melt extrusion has been found as one of the most widely used fiber-aligning methods. [21] [22] [23] [24] [25] [26] [27] However, the term "Extrusion" indicates a kind of process that involves some factors that should be carefully considered in order to accomplish successful fiber alignment.
The starting materials and their chemical compositions, their mixing techniques, type of extruder, material loading process, and extrusion temperature etc., can play significant roles in altering the characteristics of the end products. Moreover, one of the fundamental problems associated with CNTs is their strong tendency to agglomerate and entangle. Therefore, prior to extrusion this problem should be resolved. Presently, three methods are commonly used to collapse the agglomeration of the nanoparticles: (i) melt mixing using twin screw extrusion, (ii) repeated film casting and hot pressing of the filler-matrix mixture, and (iii) dry mixing. Dennis et al. 28 investigated the effect of processing conditions of the formation of nanocomposites from a thermoplastic and layered silicate clay particles. They have fabricated nanocomposites using a set of extruders including single screw, co-rotating and counter-rotating twin screw extruders. They focused on the dispersion and exfoliation of the clay particles and concluded that the degree of dispersion of the layered silicates is affected by both the type of extruder and the mean residence time of the materials within the screw barrel. It is revealed from their studies that a moderate shear and back mixing in conjunction with high residence time can improve the dispersion. On the other hand, excessive shear intensity or back mixing may result in poor exfoliation and dispersion. The extent of shear and back mixing offered by the counter-rotating twin screw extruder exhibited best results in their studies. However, how well a twin screw will interact with CNTs is still unknown. An optimum screw design may yield the suitable shear intensity and degree of back mixing for CNT reinforced polymer, which, from a practical point of view, would be very complicated and extremely expensive. Haggenmueller et al. 12 described a technique to disperse and deagglomerate single-walled nanotubes (SWNT) in a poly (methyl methacrylate) (PMMA) matrix. They applied a combination of solvent casting and melt processing procedure to produce films of PMMA-containing SWNTs. They pressed small pieces of cast films between heated plates, then broke the resulting film again into small pieces, and repeated the procedure many times. Finally, they melt spun the mixture to fabricate fibers. The nanocomposites obtained by this technique yielded a more uniform nanotube distribution and led to better mechanical properties. However, they did not focus to the thermal effect on the PMMA matrix that may arise due to repeated hot pressing. On the other hand, dry mixing of nanoparticles and matrix powder prior to extrusion is a common technique and followed by several researchers to prepare extruded composites. [23] [24] [25] [26] [27] Centrifuge, ball mill, or high-speed blender is frequently employed for dry mixing. It is believed that prolonged mixing at high speed can ensure complete deagglomeration and uniform dispersion of the nanoparticles.
In the present investigation, we used dry mixing of the CNTs with linear low density polyethylene (LLDPE) powder for a long period of time using a regular blender. This dry-mixed powder was then extruded to manufacture aligned CNT reinforced filaments. The resulting filaments were stacked in unidirectional manner and consolidated through compression molding to fabricate composite panels. In parallel, a control panel was also fabricated from the neat LLDPE powder to compare the enhancement or degradation of properties due to CNT reinforcement. The LLDPE is a ethylene-olefin copolymer: poly (ethylene-co-4-methyl-1-pentene), and had a molecular weight of around 300 000. The LLDPEs were specifically designed to provide good processability and ease of blending. A mechanical crusher was used to produce the micrometer-sized fine powder that enabled its compatibility to uniform mixing with other particles and also to conventional extrusion process. The density of LLDPE-5202 was 0.926 g/cm 3 . The tensile strength and flexural modulus are reported as 8-12 and 342 MPa, respectively. 
Melt processing
Carbon nanotubes and polyethylene powder were carefully measured in the ratio of 2:98 by weight. The dry mixing of polyethylene powder with nanotubes was carried out in a four-bladed mechanical blender at a rotor speed of 1500 rpm. A manual controller was attached to the blender as an accessory to operate the rotor-blade assembly up and down during the rotation of the blades. It is believed that the highspeed rotation of the blades along with frequent up and down movement would help deagglomerate the nanoparticles during mixing. The mixing was performed for 3 h at the highest speed of the blender. By this time the mixture took a gray appearance and it seemed that the CNTs were uniformly mixed with polyethylene. In order to avoid temperature rise, which may result in the melting of the polyethylene, the mixing process was paused for 15 min after every 10 min of operation, and then resumed for further mixing. This technique was repeated 12-14 times for each batch of mixture.
The dry-mixed powder was then extruded using a Wayne Yellow Label Table  Top Extruder. The extruder has a 19 mm diameter screw, which is driven by a 2 HP motor via toothed timing belt for smooth speed variations. Thermostatically controlled five heating zones were used to melt the mixture prior to extrusion; three of which were occupied by the barrel zone and rest of the two were occupied by the die zone. The heaters inside the barrel zone were set at three temperatures: 149, 154, and 160
• C corresponding to their locations near the hopper, center, and the die zone area, respectively. The purpose of these three heaters is to maintain gradually increasing temperature in the molten mass. The process begins by pouring the nanotube-mixed powder through the feed hopper. As the mixture reaches the barrel zone, polyethylene starts melting due to high barrel temperature. At this stage the nanotubes are randomly distributed within the liquid matrix. The outer surface of the extruder screw is designed to maintain a close fit with the barrel's inner surface. As a result, the molten mass cannot escape from the screw surface and are trapped inside the screw segment. As the extruder screw rotates, this molten matrix is slightly mixed with the nanotubes, conveyed in a spiral pattern, and finally reaches the screw end that is located immediately before the die zone. The screw end is shaped in a way that it allows the flowing mass to escape through narrow openings at high velocity. As the screw rotation is continued, the high-velocity liquid experiences very high shear force. The shear force at this high temperature can alter the chemical and thermal properties of the polyethylene and also the orientation of nanotubes. It is assumed that the nanotubes are partially aligned at this stage. The liquid polyethylene containing partially aligned nanotubes now enters the die area. The die zone consists of a circular plate, 10 cm long steel tubing with 4 mm inner diameter, and the die itself. The two heaters at this zone are set at a temperature of 160 • C to maintain constant temperature of the flowing mass.
One of the heaters is placed after the circular plate and the other one is just before the die. The circular plate as shown in Fig. 1 (a) is 25 mm in diameter and contains 19 orifices, each of which is 2 mm in diameter. As the bulk materials are passing through the plate, they are disintegrated into several branches, and then combined again. This ensures a distributive mixing of the nanotubes with polyethylene.
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Now the liquid polyethylene containing partially aligned nanotubes pass through the 10 cm long steel tube, and arrive at the area close to the die. In the next step, the molten mass is extruded through the metallic die. It should be noted that in order to ensure proper alignment of nanotubes, the size of the die plate and the diameter of the die opening are critical. Hence, a special type of die was used in this process, which is shown in Fig. 1(b) . The die has a converging inlet and narrow outlet (0.25 mm). This die configuration generates two distinct flow patterns that highly affect the nanotube alignment. First, the converging die inlet introduces a converging flow pattern, which, in turn, aligns the CNTs along the extrusion direction. Second, the narrow orifice allows the flow pattern to convert into shear flow as it crosses the narrow orifice. The shear flow produces additional alignment due to differential shear rate along the boundary layer that aligns the nanotubes in the direction of flow. 23 The process was continuous, and filaments
were extruded under constant tension at a screw speed of about 15 rpm and a feed rate of 50 g/h. Filaments were allowed to travel about 60-80 cm in air (temperature 25 • C) from the die outlet to a set of tension rollers, winder guide rollers, then wound on a spool using a Wayne Desktop Filament Winder at a winding speed of 65 rpm. The process temperature, speed ratio between the winder and extruder screw, position of the roller guide, and filament travel distance are all factors that control the draw ratio λ (ratio of die orifice diameter to filament final diameter) of the process as well as the continuity of the filaments. As polyethylene can be readily solidified and cooled as soon as it comes out from the extruder die, room temperature air cooling was quite satisfactory for filament extrusion. The overall process is shown in Fig. 2. 
Stacking and consolidation
To develop composite panels, the extruded filaments were cut into desired length, formed into roving, and stacked into layers in a 0
• fashion. The filament stack was then assembled with layers of porous Teflon on the top and bottom, followed by bleeder cloths and aluminum caul plates. The whole setup was then placed for consolidation in a Tetrahedron MTP Press Compression Molder at a mold temperature of 122
• C and pressure load of 20 lb f for 3 h. After consolidation, the mold was allowed to cool to room temperature in about 2 h using the in-built water-cooling system. The resulting hot pressed panel was approximately 25 cm (length) × 15 cm (width) × 0.15 cm (thickness) in dimension. Using the same consolidation cycle and lay-up sequences, a control panel was also made from extruded neat polyethylene filaments.
Test procedures
In order to address the issue of alignment, we have conducted mechanical tests (under tension) on consolidated samples extracted in 0
• as well as in 90
• fashions from the laminate. Since the consolidation was done by stacking the filaments in 0
• manners (along the length of the filament), our belief is that the 90 • test coupons would reflect a clear alignment effect in the stress-strain diagram. In addition to this we have also conducted STEM-TEM studies on individual filaments. To check the crystallinity of LLDPE after infusion we have also used two techniques: (1) X-ray diffraction (XRD) and (2) differential scanning calorimetry (DSC). Tensile tests were conducted on a Rheometric Minimat tensile tester with 1 kN load cell. Test coupons were first cut from the compression-molded panel, and then machined by a mechanical grinder. The resulting specimens were prepared in accordance with ASTM D638 specifications. 33 This standard covers both unreinforced and reinforced plastics. A total of three types of samples were prepared for testing. These three types were: (a) with 0 • orientation, i.e., along the extrusion direction, (b) with 90
• orientation, i.e., transverse to extrusion direction, and (c) neat polyethylene. At least three specimens were tested in each category. The transmission electron microscopy (TEM) experiments were carried out using JEM-2010 equipped with STEM and EELS. The TEM samples were prepared using a Leica EM UC6 microtome. A single fiber was embedded in the epoxy resin and samples were cut along the fiber extrusion direction using a 4 mm DiATOME 62 H. Mahfuz et al. diamond blade. The cut samples were then placed on a copper grid for the STEM-TEM experiments.
The XRD measurements were carried out with Rigaku D/MAX 2200 X-Ray Diffractometer. During the XRD experiments, the samples were analyzed in the reflection mode. Sample size was maintained at 17.5 mm (length) × 13.5 mm (width) × 1.7 mm (thickness). The characteristic XRD diffraction pattern was collected and matched with established data from PDF files.
In order to obtain the information on the stability of the polyethylene and CNT-polyethylene composite samples, Thermo Gravimetric Analysis (TGA) was carried out under nitrogen gas atmosphere on a TA Instruments, Inc. apparatus. The samples were cut into small pieces using an ISOMET Cutter. The weight of the sample was maintained within the 5-15 mg range. Next, the samples were kept in a platinum sample pan, weighed, and heated to 800
• C at a heating rate of 10
The real-time characteristic curves were generated by an Universal Analysis 2000-TA Instruments, Inc. data acquisition system. The melting behavior of neat polyethylene and CNT-polyethylene were investigated by DSC experiments using Mettler Toledo DSC 822 e . These experiments were carried out under nitrogen atmosphere and at a heating rate of 10 • C/min from 30 to 200
• C. The samples were cut precisely (∼ 5 mg) from the consolidated panels. The degree of crystallinity was determined from the melting endotherm. The percentage of crystallinity was calculated by the following equation:
where ∆H m is the melting enthalpy calculated from the area under the curve of melting endotherm, and ∆H 
Results and Discussion

X-ray diffraction studies
The crystalline nature of fabricated and as-received materials has been characterized by XRD. XRD patterns of as-received CNT, neat polyethylene, and CNTpolyethylene nanocomposite are shown in Fig. 3 . In Fig. 3 , XRD-peak intensities were normalized with the sample mass and are shown as relative intensities. Figure 3(a) shows that the as-received CNTs are crystalline and the 100% diffraction peak (002) at ∼ 26
• of 2θ, and other higher angle peaks are all assigned to graphitic carbon (PDF # 41-1487). Diffraction peaks of neat polyethylene are shown in Fig. 3(b) , and in this case all the peaks are assigned to polyethylene (PDF # 11-0834). Figure 3(c) shows that the as-prepared nanocomposite material is highly crystalline and all the XRD diffraction patterns are assigned to the polyethylene and carbon nanotubes. The diffraction peaks at 21. significant since the peak intensity may have been suppressed by the high intensity of 110 and 200 reflections of polyethylene. To confirm the crystalline nature of the as-prepared nanocomposite, the half-width of 110 reflections has been measured. The half-width of the 110 reflection of the nanocomposite (0.4
• of 2θ) is almost half of that of neat polyethylene (0.8 • of 2θ). These half-widths were measured in degrees at half of the intensity of the corresponding diffraction curve. Measurements of halfwidths were taken from the blown up print out of diffraction curves and using a slide caliper. The half-width values clearly indicate that the nanocomposite materials are more crystalline than the neat polyethylene. Since the crystallinity of CNTs will not change, the increase in crystallinity of the composite is actually due to increase in crystallinity of LLDPE. Crystallinity is one of the important properties of polymers. Most of the polymers exist both in crystalline and amorphous forms. Part of molecules that are arranged in regular order are called crystalline regions.
In between these ordered regions molecules are arranged in a random disorganized state and these are called amorphous regions. In our case, addition of CNTs to the polymer provides a large interface between the CNTs and the polymer, which, in turn, creates very suitable conditions for the nucleation and crystallization process that takes place in the rubbery temperature range during heating. [35] [36] [37] In addition, the presence of CNTs restricts the entanglement of polymer chains to a lesser extent and allows some degree of orderly orientation during polymerization giving rise to increased crystallinity. It is concluded in Ref. 35 that multi-walled carbon nanotubes nucleate crystallization and accordingly bulk morphological changes takes place in semiconjugated polymer (PmPV) due to such crystallization. It is also shown in Ref. 36 that TiO 2 particles act as a nucleation agent and enhance the thermally induced crystallization of polyethyleneterephthalate (PET) chains. Our observation about crystallinity of the nanocomposite is in agreement with these references.
Morphological studies
STEM studies were carried out to check the alignment of nanotubes in the polyethylene filaments. The diameter of the nanotube in the polymer matrix is seen to be around 50-80 nm, which is much higher than that of the neat CNTs shown in Fig. 4(a) . We believe this is due to the thick coating of polyethylene matrix on the CNTs. Figure 4 (b) also represents the impurities of carbon nanoparticles that were present in the as-prepared nanopowder. These particles are also coated with polyethylene and their sizes are seen to be around 90 nm. Scanning electron microscopy was also employed to determine the diameter of the extruded filaments. The size of the as-extruded neat polyethylene fiber was measured at ∼ 117 µm in diameter. On the other hand, the diameter of the as-extruded CNT-polyethylene filament was found to be around 73 µm in diameter. These sizes were more or less uniform throughout the fiber length. It is seen that the neat polyethylene fiber diameter is almost double the size of the CNT-polyethylene fiber. Since both of these fibers were extruded through the same orifice, this indicates that the CNT-polyethylene fiber was able to take higher tension than the neat polyethylene during the stretching phase, which resulted in lower diameter of the nanophased fiber.
Thermal response
The thermal stability of the as-fabricated nanocomposite and neat polyethylene were characterized by TGA. Figure 5 represents the TGA of neat polyethylene and CNT-polyethylene systems. In the present study, 50% of the total weight loss is considered as the structural stability of the system, which is also a common practice as given in Refs. 38 and 39. This 50% weight loss point also coincides with the peak shown by the derivative curve in Fig. 5 . The derivative curves are essentially the rate of change of weight loss with respect to temperatures. In Fig. 5(a) , it is observed that the CNT-polyethylene nanocomposite is stable up to 539
• C, whereas the neat polyethylene as shown in Fig. 5(b) is stable only up to 482
• C. This demonstrates that the CNT-polyethylene system is thermally more stable than the corresponding neat polyethylene system. The reason for this higher thermal stability of the nanocomposite may be due to the increase in the degree of cross-linking as well as in the crystallinity of polyethylene. 40 DSC tests of (a) neat polyethylene and (b) CNT-polyethylene are shown in Fig. 6 . It is seen that the melting endotherm corresponding to CNT-polyethylene is much wider and has lower melting as compared to the neat polyethylene. This suggests that the melting enthalpy calculated from the area under the melting endotherm would be higher in the case of CNTpolyethylene. It is also observed in Fig. 6 that the melting temperatures as measured from the endothermic peaks are 129 and 124
• C for neat polyethylene and CNTpolyethylene, respectively. Reduction of melting temperature is a clear indication of an increase in crystallinity. Correspondingly, from the area calculation, as depicted in Eq. (1), we find that the crystallinity of neat and CNT-polyethylenes are 12 and 29%, respectively. The results obtained from XRD about crystallinity are, therefore, consistent with these DSC tests; all indicating to the fact that the nanocomposite is more crystalline than the neat polyethylene. It was stated earlier that the polymer will be more crystalline if the amount of ordered chains are more. As the temperature reaches melting point, these chains will come out of their ordered arrangements and begin to move freely. We believe the polymer crystals will begin to fall apart at an earlier stage than their highly entangled counterparts, meaning that the melting temperature of the crystalline polymer will be lower. In Ref. 37 , it has been shown that the melting temperature of polyamide-6 (PA-6) shifted toward a lower temperature when PA-6 was doped with colloidal silica having particle size of about 10-20 nm. It has also been demonstrated analytically that the lowering of melting point of nanomaterials is inversely proportional to the first power of the particle size.
7 Since we have infused nanoparticles and nanotubes in the polymer we believe that the size of the particles being in the nanometer range will also influence the lowering of the melting point.
Tensile response
Two categories of materials, namely neat and CNT reinforced samples, were tested under tension. Stress-strain curves for neat and nanocomposite specimens are shown in Fig. 7 . Tensile data in tabular form are shown in Table 1 . It is observed in Fig. 7 that the ultimate failure stress of the 2% CNT reinforced polyethylene sample is about 34% higher than the neat sample. On the other hand, the improvement in tensile modulus due to CNT infusion is around 38%. Such gain in modulus is obviously a result of infusion of much stiffer material (CNTs) into a relatively softer material (LLDPE). However, the enhancement in strength by about 34-35% is somewhat surprising since that was not the usual case with vapor-grown fibers studied earlier. 23, 24 Usually, enhancement up to this scale was obtained only when a significant percentage (10% or higher) of fillers were added. In recent studies, it
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has been observed that with identical processing condition and loading, the tensile properties of polyethylene infused with micrometer-sized carbon whiskers can be enhanced only by 16%. 25, 26 It is therefore understood that enhancement in the 34-35% range is clearly due to the increase in aspect ratio and reduction in particle diameter.
In this context of property enhancement there remains another question whether the 2% loading is the optimum. In an effort to answer that we have tried with other loading percentages such as 1-3 wt% of MWCNT. It has been observed that once the 2 wt% threshold is exceeded it is almost impossible to draw filaments after extrusion because of the presence of agglomerated particles. There was no problem of extrusion and drawing with lower than 2 wt% loading, but the filaments were not as strong. Also, we have had very good results with 2 wt% infusion of carbon whiskers into LLDPE. 25, 26 It is believed that as particle loading increases, the resulting composites will begin to see more and more particle-to-particle interaction rather than the intended particle-to-polymer interaction. Particle-to-particle interaction will lead to agglomerated particles, which can be visualized as a simple colligative thermodynamic effect of an impurity on a bulk solution. Microscopically, it may be seen as the result of the perturbation that the particles introduce to the three-dimensional structure of the polymer. This perturbation weakens the van der Waals interaction between the polymer chains, affecting the stability of the polymer. We believe this perturbation begins at a point when the number of particle reaches a threshold level.
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It is noticed in Fig. 7 that neat polyethylene failed in a manner that is typical for a semicrystalline polymer when the amorphous portion remains above the glass transition temperature. 2, 40, 43 Initially, stress increased linearly to about 30% of the peak and shifted into a nonlinear mode until it reached the peak. At this stage it elongated by about 12%. It is known that deformation in this region involves linear viscoelastic shear flow of the polymer molecules. After reaching the peak, polyethylene continued to elongate but now in an almost uncontrolled manner. This is characterized by plastic flow of polymer molecules accompanied by pulling out of polymer chains out of the undeformed crystals. Finally, polymer chains rupture and failure takes place at about 30-40% elongation. When CNTs are infused, the stress-strain behavior, however, changes substantially. There is a significant increase in modulus and a corresponding reduction in breaking strain. We believe the embedded CNTs restrict the deformation and stretching of the polymer chain, which eventually causes the increase in stiffness and decrease in failure strain. This is possible in the sense that the dimension of CNTs being in the nanometer (10 nm) range, they can be well accommodated within the polymer coils, which can then serve as some anchoring devices to restrict deformation. Gain in strength can also be attributed to the chemical changes that are taking place in the matrix due to CNT infusion. The physical interaction between CNT and the polymer is considerably intense, which enhances the thermal and crystalline properties of the matrix as indicated earlier. The improvement in matrix 70 H. Mahfuz et al. properties in turn gets translated into the properties of the nanocomposites. Similar behavior has been reported earlier. 44 One other factor, which is influencing the gain in strength, is believed to be the aspect ratio and alignment of the CNTs. It has been reported 45 that if fillers within the composite remain highly oriented and their aspect ratios exceed the critical length at an order of magnitude, the filler can bear 90% of the composite load, resulting in high composite strength. Although the study 45 was based on micrometer-sized fillers, we believe the effects of aspect ratio and alignment will be similar or even higher in our case when CNTs are being used. In order to investigate further the effect of orientation of CNTs, a set of samples were cut from the nanophased composite panel in 90
• (transverse) directions. A typical stress-strain curve of these samples is also shown in Fig. 7 . It is observed that the strength and stiffness of the transverse samples are significantly less than those of the 0 • (longitudinal) samples. There is no enhancement in strength or stiffness, and the behavior is very close to that of the neat samples. It is, therefore, obvious that the improvement shown in curve (a) is purely due to the alignment of CNTs during extrusion and stretching. It is also noticed that the strain to failure in the transverse case is higher than the longitudinal ones but less than that of the neat system. This further ensures that some of degree of alignment must have had taken place during the extrusion process.
Summary
The following are the salient points of the above investigation:
(1) A methodology using hot extrusion has been introduced to manufacture carbon nanotube reinforced polyethylene filaments. (2) TEM studies have indicated that initial dry mixing followed by extrusion under high shear force ensures uniform dispersion and alignment of carbon nanotube in a unidirectional manner along the length of the filaments. (3) These filaments were later consolidated in a compression molding machine and made into composites. (4) Composites fabricated in this fashion were found to possess higher tensile strength and modulus by about 34-38% when compared with neat polyethylene control samples. While the enhancement in modulus was expected, the gain in strength was somewhat surprising and is believed to have been caused by the chemical changes in the matrix, and alignment of nanotubes during the extrusion process. (5) TGA and XRD studies have also indicated that nanotube infusion increases the thermal stability and crystallinity of the system, which eventually translate into higher mechanical properties. (6) DSC tests have demonstrated that infusion of CNTs into polyethylene lowers the melting temperature and hence increases the crystallinity of the nanocomposites.
